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ABSTRACT

" The high power cepsbilities of waveguide systems are specified, for

the commonly used waveguide modes of propugatlpn. in terms of electrical
breakdouﬁ st high peak powers and excessive tempersture rise at high

average power, The material includes the characteristics of various gases
and the effects of such factors as pulse length, repetition rate, gas temp-

‘ erature, hgrmonics, spurious modes and standing waves, Also included are
the effects resulting from nonfqniform condltions in electric fiald and gas
which the values of power can be readily obtained, A sectlion also discusses
the problems associgted with reducing the likelihood of the occurrence of

fallures in high power waveguide systems,
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Waveguide width

krea

Wavegulide height

Constant use 1n eguation for E,

Cap spacing

Diffusion coefficient

Effective electric fleld strength
rms value of electric field strength

Frequencyj also used as a correction factor for gecmetr
9

)

fatic of net power transmitted by harmonic or spurious
mode tc fundamental or maln mode pewer

2 2

LI zh/zf , f is a geometric factor

*sveguide length

E.ectron d;nsity

Pressure

P Tc/? , density equivalent oressure

Power (subscripts ss indlicated in text)

fiavegulde radius

Time

Temperature (uni¢s as indicated in text)

Reference temperature 20°C (263°K)}

Rectangular waveguide designatlion, widih in inches x 100
Clreuiar wavegulide designation, dlameter in inches x .00
Cecaxlal wavegulide designation, inner conductor dlameter

‘n inches x 130
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Waveguide impedance st harmonic or spuricus mode
Wavegulde impedance at fundamental or main mods
Additive term for energy modulation

Wavelength

Characteristic diffusion length

Electron collision frequency

Electron attachment frequency

Electron {onization frequency

Vi-\)a

inverse of the relative gas density

2n/4¢, normalized electron density

Angular frequemcy, radian
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PURPCSE

The purpose of this handbook is tc bring together currently
uQailable information in order to specify the high power capabii-
{ties of waveguide systems, Thus the earlier "Handbook aon 3reak-
down of ALr in Waveguide Systems"*® nas been extended to cover ad-
ditional subjects and new results, bus the same thecry cn breaks
down cf alr has servec as the basls and is retalned as an impertant
section, fhe form of presentation has also been mocdifled for mere
readily determining 4-e peak power and average power .imits, Among
the items added are the characteristics of those high dielectiric
strength gases which have been finding epplicatien !n.high power
systems and the characteristics of ccmponents which find use in high
power systems, Many components are obvicusly not sulted for high
pewer and are not discussed. Adciticnal mater!al! that has been added
°r expanded inciude gas temdersture, standing wave, narmonics, spurlous
medes, gradlents in electric fleld and gas temperature, Ancirer pur-
pese is to provide specific recommendations for obtalning good per-
formance of high power microwave transmission iines, Finally, material
1s included frem which nomsstandard cases can be ealculated,

*L, Gould, Microwave Associates 1954} Work performed for Navy

Teparinent, 3ureau cf Ships, Zlectrenics Division NObsr £3295,
"Microwave High Power Breakdown Study" April 1956,

xi
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contributions to this work, including experimentation and prepars-
+ion of msterial, were made by Mr, John Antonucei, Mr, Joseph Pergola
ang Mr, Bur¢ Salkins,

The sponscrship of 8 concurrent psogram by FRome Alr Devglapment
Center resultec in additional useful material which was included in
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1. IHECRY OF BREAKDOHN

Genera! Consideration

A satisfectory theory of high frequency gas dischsrge bresk-
down requires only a producticn mechanism cue to primary fcnizastion
of the gas molecules by electrons and breaxdewn cceurs when the pro-
ductlon rate of electrons becomes greater than or equal to +he loss
of electrons by diffusicn tc the surrounding walls and attachment
to neutral gas molecules, A detalled study of the bulld-up of the

discharge {s obtained from considering the continuity equation for

electrcns1

an/és = Vin = v N+ 7 (on) (1

Equaticn (1) states that the net number cof electrons produced per
éeccnd, an/d%, 1s equal *o the number of electrons produced ver
secend by ionlzaticn, vin, less the number of electrons lost per
secend oy attachment, vyn, and the number of electrons lost per
secch by diffusion, -Va {°n)., The coeff&ﬁients Viy Vo and D can
be obtained as a functlon of sppiled electric fleld or avérage elec-
tron energy from dc measurements of drift véioclty, average energy,
Townsend lonlzaticn coefficient, and sttachment coefficient?,

* solution of Equation (1) 1s feasible nrovided the rnrralstinn
between electron energy and the applied microwsve fleld has been

established, 4 study cf the eleciron motion in a microwave fleld

™ l“h- i b i;w \
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--energy moduiation depends upon the-ratic of -the eleetron energy-

.2

shows that the elecirsa average energy will be modulated in time at

a frequency which {s twice the applled frequency‘. The degree of

Lo :..au v .A.Lliuli.

reiaxaticn time tc the periecd of oscillatien, In alr and in high

lelectric strength gases <he electron energy losses due t5 excitsticn g <
cf melecular vibration and rotatisn, ‘nelastie collislions, are large
comgared o the energy losses due to elastic ¢sliisisns, The elece
trens, therefore, lose thelr energy very raoidly in these gases at

high oressures so that the electren energy relaxaticn sime can be cow
parabie and even smaller than the period cf rf cscillation, For emall
values ¢f relaxaticn time the ~wean electron energy literally fol.ows
the instantanesus value of electrﬁc fleid, 2t low pressures or shert
wave.iengihs, the energy relaxation time is large compared to a perix

sc that tne degree of energy modulatica !s negligible and the mean
electron snergy can be ccnsidered as indepen& at of time, In this
case, the high frecuency fleld can be related to an effective de field®r®

defines as
By =/ [+ ] Vo sk 1 e e/par] o (2)

The coefficient C has different values for each gas and for alr 1s 36,
The factor [1 + (u/Vc)“j"/a s a2 measure of the sfficlency of

energy transfer from the microwave fleld to an electron, The efficiency
of energy transfer dacreases as the pressure or wavelength decreases,

with the efflclency factor becoming signiflicantly smaller
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than unity for p X less than 200 in air, 4 plot of Eppe/Eq for alr as

" funetion of pox {s shown in Figure 1, The coefficients in Eguation !

can te determined from dc measured values by considering E, as an equiw
alent dc field, |

The degree of energy modusatisn becomes important for values of
pax larger than 250 in air, thst §s the energy relaxation time becomes
comparable to the rf perlod. The actual time variation of the electren

energy in s glven mizrowave fleld i¢ determined from a sclution of the

v ea

- energy balance equation!, This solution coupied with the known depend-

ence of vy, Va- and 3 upon mean energy then ylelds the time variation of
Viy VY, and 3, These quantities are now averaged over an rf cycle, since
{¢ {s the average value of ¢he coefficlents which is important, The dif-
fusicn coefficient s falrly independent of the degree of energy modu-
lation and can be determined directly from the value of 5, as in the
low pressure-wavelengih casej nowever, this is nct the situstion for
the frequencles of lonizaticn and attachmeni, The time average of
(v =vy)/5, as 2 functien of Eo/p, is shown in Figure 2 for air for
varicus values of pyA, The effect of energy medulaticen !s to signi-
fcantly increase the net average rate of the e.ectron oroductisn,
This cccurs because the fonization rate increases very rapidly with
the eiectron energy so that during the peaks of energy in the moduls
ticn cycle large lcnizatlion rates occur, Fer simplicity, it is de

sirabie to normalize *he values of Ee/po s¢ that only a single curve

cf (vpey) vs. Ee/pc, that for p,l = 0, is required, This is
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Figure 2 Time average of (vi-ua)/po as a functien
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accdhpli;hod by §ntroducing an additive term, 4, defined by

(ee/po)n = Ee/po + A (3)

o
|

which only depends upon pox, as shown in Figure 3, When the temm
8 is added to Eg/p, (as computed from Equation 2) the resulting

yaiue is used with the pok = 0 curve of Figure 2 to determine the

: Sverage value of the fonizing frequency, The above analysis shows
' that the actual rf field strengths can be equated to dc flelds in

! terms:of the parameter pok. the product of pressure and wavelength,
l ' Thg electron continuity equation, Equation (1), can be solved
P for the breakdown conditions in wsveguide systems, The boundary
conditiﬁns are that the electron density is zero on the wavegulde

walls, For compactness (vy -v,) in Equation (2) is replaced by

(v == 5) = Vpets For uniform conditions, i.e., vpe¢ and D constant
in space, functions are sought for n such that
n I

where i is a constant dependent upon the size of the volume and is
called the characteristic diffusion lengt;. Typical values of A will
be discussed in a following sectiony however, for illustration 4 = d/u
for a parallel plane region, With the sbove assumptions and ¢ef1nltions
the solution to Equation (1) becomes

n=n, exp| Vnet 2P0 ] Pte ()

UL
P, PA
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Flgure 3 Additive term for Ee4po in air as a
function of P A
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It 1g seen that n can grow expénentially when the expeonential
growth factor, the quantity in the brackets, is positive, Thus »

necessary condition for breakdown is

[ Vnet _ _._..Dpo > 0. (6)
Py poaAa -

The grouping of terms is consistent with scaling laws for gases,

l.e49 v/po is a single valued function of E/p° and Dp, is also a function

of Ee/po but essentially constant. Likewise poh and Pyt are also suit-

able normslized varlables, )
CW Breakdown
The cw breakdown condition, since the time for the exponentisl
growth can be infinity long, is that the left hand side of Equation (6)
be identically zero, Since both Vnet/po and Dpo are functions of
(%}/po)n; Equation (6) defines a relationship between (Ee/p)n and poA.
This relationship is shown in Figure 4 for alr, For large values of
pOA, where attachment is the dominant loss mechanism, vnet/po = 0 and

the value of (Ee/po)n becomes independent of the dimensions of the vol-

ume. In the pressure range where A is constant and attachment dominates,
the familiar linear relationship between breakdown field strength and
pressure (or breakdown power and the square of pressure) holds. As
diffusion becomes important or as the value of A depends upon pressure
this linear relationship falls,

NorneUni form Breakdown

In most practical situstions the electric field iitensity is not

uni form within the volume and at certal- wsils the valies are zero,
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Empirically it has been found that a value of nb/n° of 108 yields
good agreement between theory snd experiment, Becsuse the logarithm
of this ratio appears In Equation 7, the values of breakdown field

: strength are insenitive to this ratio, An order of magnitude

\i : change in "b/"o changes the breakdown field by only s few percent,
Figure 5 shows a normalized single=pulse breakdown curve fer a paral-

lel plane gap for various values of p,d. The normalized effective

| field is plotted as & funetion of PoTe For large values of p,T,

the values of (Eq/p,)n approach the cw values, For small values

of poT, (Ee/Po)n rises indicating that greater peak powers can be
handled in a given geometry with decreasing values of PoTe In ad=
dition, for small values of PoT Figure 5 shows that breakdown becomes
independént of values of p,d (1.e., electron diffusion become unimport-
ant), This can be seen from Equation 7 by noting that as T is de=
creased the left hand side of the equation can only increase signifi-
cantly through an increase in Vnet/po’ therefore, the term involving
poA eventually becomes negligible, A theoretical extension of Figure 5

using available data and some approximation is given in Figure 6 for
pd "= ot
Dielectric Strength of Gases

A number of gases in addition to alr are used in waveguide
systems, primarily, to increase the power handling capability, Al-

though these gases intrinsically have relatively high dielectric strength,
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they are seldom reslized in practice, Results of microwave measurements

cn breakdown in a parallel plane geometry are given in Flgure 7. Values
of E.me/Po 2re used becsuse insufficient data is available to compute
(Ee/po)n. The normalized breakdown field strengths are indicated in Figure

7 and the relative power handling capabllity of the gases are tabulsted below,

TABLE I

Relative Breakdown Strength of Gases

Gasg Relative Breakdown Power
Alr 1,0

Nitrogen 0.9

Freon 12 18

SF6 20

Freon 114 49

Freon C318 60

The values for Freon 12 and SFg are substantiated by ionization and
attachment dataa'ag however, none was avallable for Freon 114 and
Freon C318, For the pressure ranges covered in the experiments the
above ratlos are relative to air with full energy modulation of the
electrons and very likely the same condition exists in high dielectric
strength gases, Data to extend the curves to the right could not be
obtained in the set of experiments because of other fallure mechanisms

{see Section IV),
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Effects of an External Radioactive Source on Breakdown

A sufficiently strong radicactive scurce is necessary in order
to insure that a sufficient number of electrons are present in the
discharge region so that the statistical fluctuastions in the break-
down field are minimized. In the experiments at Microwave Associates,
Inc, an 80 millicurie source of cobalt 60 was used. A typical curve
of the sparking probability, i.e., the number of breakdowns per pulse,
as a function of relative incident power for various values of lead
thickness between the source and the discharge region is shown in
Figure 8, The conditions of the measurements are atmospheric pressure,
0.8 microsecond pulse width, and 1000 cps repetition rste, The number
of breakdowns is determined from the number of light impulses detected
by a photomultiplier which are counted on a standard Berkeley counter,
This work and the results reported by Cooper6 demonstrate that the
sparking probability is a function of the irradiation conditions of
the discharge region and microwave fleldsy whereas, there exists 3
threshold value of breskdown field which is fairly insensitive to the
irradiation conditions. The theoretical pulsed breskdown field re-
presents the minimum field necessary for breakdown and, consequently, is
acsocisted with the threshold value of breakdown. Rather than es-
tablishing the threshold field from curves as shown in Figure 8, which
can present a tedious task, the threshold field can be assumed when a
sparking probability of 10'3 exists, Another factor influencing the
reproducibility of breakdown measurements is the size of the break-

down region, For example, a radioactive source sufficient for study
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Figure 8 Sparking probability as a function of incident power
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of s uniform psrallel-plane region proved to be inadequate when a

small hemisphere was introduced to study breakdown at a discontinuity,
Other useful sources for creating initial lonization are ultraviolet
light and X~-rays, Thus a strong source of radiation in the immediate
breakdown region is desirable in order to eliminate the necessity of
determining sparking probability curves for every experimental con-
dition and to enhance the accuracy and reproducibility of the threshold

field measurements,
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11, ADDITIONAL FACIORS INFLUENCING
WAVEGUIDE FAILURE
There are other factors which influence microwave breakdown in

waveguides, These factors include the gas temperature, the character-

istics of the high power signal and the conditions of the transmission
line,

Gas Temperature

One of the factors important in the breskdown theory is the gas
density, For convenience, however, the gas density is expressed in
terms of an equivalent pressure at a particular reference temperature,
In this handbook the reference temperature is 20°C or 293°K. The
equivalent pressure, from the ideal gas law, is

Py =P

o To (e)

T
where the temperatures are expressed in absolute units, To facili-
tate applying Equstion 8, Figure 9 contains a curve showing the
relative breakdown power of any gas as a function of the relative
temperature rise. This curve is only valid where E/p is independent
of pressure variatic s,

Although the reference temperature is ine

dicated, this curve 1s also applicable for an arbitrasry reference

temperature,

Waveguide Temperature

In general the gas in a section of waveguide will be in thermal

equilibrium with the walls, At high average power levels where the
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condition imposes an upper limit on the breakdown power whereas the
cw breskdown c?ndition imposes a2 lower limit on the breakdown power, 'é
Measurements of breaskdown power as a function of repetition rate ;
- indicate that there exists a wide range of repetition rates in which
the single pulse breakdown conditions are valid, Figure 11, This
range of repetition rate is given approximately by the condition that ]

the repetition rate be less than three times the pressure, Figure 12

shows the range of repetition rate in which the single pulse breakdown
conditions are valid, For the range in which single pulse breakdown
conditions are not valld, the variation of breakdown power with repet-
ition rate must be determined experimentally in order to obtain an sc~
curate value of breakdown power,

The effect of pulse length was discussed in Section I and it was
seen that for pulse lengths greater than 2 to 3 microseconds the break-
down threshold was essentially cw in alr at atmospheric pressure, This
has been verified experimentally also, Deviations from these results
have been found at very long pulse lengths and consequently high
average power’, Experimentsl messurements are shown in Figure 13 in
terms of arcing rate as a function of pulse length for pulse lengths

in the range of 50 to 1000 microseconds, The number of arcs per pulse

increase both with pulse repetition rate and pulse length. For constant
arcing rate the peak power decreases with pulse length, The measure-
ments were made at a hemisphere in a waveguide and the arcing rate was
measured with a photo detector and a counter, A satisfactory explanation

has not been foundj however, it is likely that the results are related
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to the highly localized breakdown effects discussed in Seétion IV, 1In
any event, the breakdown results in Figure 13 indicate that systém
failure problems can arise at lower thresholds than expected with
very long pulses,

In developing the theoxry of pulsed breakdown, it has been assumed
that the pulses of microwave power are rectsngular in shape, In prac-

tice, such is not the case. However, most pulses can be represented

to the first approximation as trapezoidal in shape, A typical envelope
of a microwave pulse is shown in Figure 14 as the solid line, The
equivalent trapezoid used to approximate this pulse 1s represented by
the dotted line, The hatched area deplicts that portion of the pulse
which will contribute to breakdown; i.e., that portion of the pulse in
which the electric field 1s larger thsn the ¢w value. Calculations
show that for t, /ta and t3 /t2 less than one, the trapezoid pulse may
be replaced by an equivalent rectangular pulse of width t, seconds,

For example, the equivalent rectangulsr pulse in Figure 14 is 0,8 micro-
seconds, Therefore, in interpreting the theoretical breakdown curves,

the equivalent rectangular pulse width of the power pulse should

be used, In general, for more complicated pulee shapes, the value of the
breakdown field must be computed numerically from Equation 1, For this
case, a definition of pulse width is no longer applicable and each case
of breakdown must be computed individually,

The calculations of peak power from average power measurements
involves a different definition of pulse width, For an arbitrary

pulse shape the relation between average power and peak power is given by
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Poversge = ToPetition rate x [ Pooak Ot (12)

The pesk powef is integrated over the time of the pulse, For the
trapezoidal pulse, the time [ tg + (ty + ta)/2 ] is the corresponding
rectangular pulse width which is used in interpreting the power
measurements, In Figure 14, the actual ares under the pulse was
messured yielding a pulse width of one microsecond to be used in the
calculation of peak power, This differentiation in the definition of
pulse width must be considered for proper interpretation of the experi-
mental measurements,

Effect of VSWR on Breakdown

A standing wave degrades the power handling capability of a
transmission line. The amount of degradstion may be derived from two
different points of view depending upon whether the breakdown power
is taken as 1) the net transmitted power or 2) simply the power
carried by the forward component of the standing wave, If the net
transmitted power is used (where Pt = Pf - Pr)’ then as the value of
VSWR increases the relative transmitted power or degradation ratio
continues to decrease as shown in Figure 15 by curve 1, Basically
this continuous decrease occurs because the breakdown is determined
by the sum of the field strengths in the forward and reflected waves,
The transmitted power, on the other hand, is determined ty the dif-
ference in the square of the field strengths which continues to de-

crease with increassing VSWR, If the power carried by the forward
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component is used to indicate breakdown, the degradstion rstio de-

T

creases to a lower limit of only 0,25 as shown in Figure 15 by curve
II, This lower limit occurs because the square of the maximum elec-
tric field can be incressed by only a factor of four relative to the

forward wave at large values of VSWR, The first view is useful in

considering & complete transmission system in which the actual transe
mitted power is important, The second point of view is useful where
the forward power is being monitored in the presence of a standing
wave (e,g, high power levels being simulated in a resonant structure),

Effect of Harmonic Power and Spurious Mode Power on Breakdown

The effects of harmonic power and spurious power are 3 reduction
in the breskdown threshold, The two effects are discussed together
because of their similarity, In general only when resonances occur
do harmonics or spurious modes become troublesome, It is difficult
to be precise in snalyzing this problem because the power is distri-
buted in an arbitrary way among the possible harmonics and among the
possible modes of propagation, For purposes of discussion the worst

case is selected, that case in which all the power is in one mode and

in one frequency., To indicate the relative power in the harmonic or
spurious mode a factor H 1s defined as the ratio of the net power
transmitted to that transmitted by the main mode at the fundamentsl
frequency, It should be noted that the net power transmitted in a
system is different than what would be measured if the transmitter
in question were connected directly to a matched multimode load, In

Figure 16 the fractionsl reduction in breskdown power due to harmonics
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is given assuming no energy modulation (see Section I), The factor

K is the fractional power in the harmonic¢ multiplied by the impedance

ratio and f° which corrects for geometric factors, In Figure 17 the

fractional reduction in breakdown power due to harmonics or spurious

modes (at the fundamental frequency) is given assuming full energy

modulation, Since the latter cases involve direct addition of field

strengths, even s few percent of relative power in a harmonic or

spurious causes a significant reduction in the breskdown threshold

for values of VSWR above 10,

B L T T
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I11. WAVEGUIDE CHARACTERISTICS

The analysis of waveguide characteristics discussed in Sections
I and II are applied in this section to common structures and the
informstion is presented in graphical form, Rectangular, circular
and coaxial structures are included, in that order, and for each
structure there are curves for cw breakdown, single-pulse breakdown

and waveguide temperature (for circular and rectangular structures

only), For reference purposes the pertinent formulae are included,
In order to compute non=standard cases the appendix contains sample
calculations,

All of the curves fo; breakdown are for sir since the basic
parameters are reasonably well known, In order to determine the
breakdown characteristics for other gases the scaling factors relative
to air given in Section I should be used, They, however, can be ap~
plied only in the high pressure ranges where the air breakdown power
is linearly proportional to pressure squared (see Section I), With

some discretion the scaling factors can also be applied to values found

on a straight line extrapolation of the linear portion of the breakdown
curve to lower values of pb, see Figure 18 as an example, Pulse break-
down information on the high dielectric strength gases has not been
studied systematically and so no attempt has been made to discuss the
subject at this time,

The cw and single-pulse breakdown curves found in this section
require some explanation, First the curves show breakdown power as a

function of the product of pressure and a significant dimension of the
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waveguide cross section, For definitness the discussion will be

concerned with Figure 18 where the wavegulde height, b, is used. The

breakdown curves are general in that they apply to any fixed cross

gsection snd mode, regardless of size, provided that the frequency of

operation falls in the prescribed band as determined by waveguide
size,

In terms of pob there 1s an absolute minimum value of breakdown

power (sbout one kilowatt for standard rectangular waveguide) for each

type of waveguide structure, This means that below the critical value

of power, this type of waveguide will not breskdown regardless of freque

ency of operation or degree of pressurization, For large values of

pob'the simple linear dependence of power upon pressure squared ap-

plies, Also at large values of pob, if the frequency is increased

well above the prescribed operating band, a slight increase in power
1s found. "The limiting values for increasing frequency are essenti-
ally those on the curve f/f, = 5,73 (Figure 18), For low pressures
or low values of pob deviation from linearity occurs because of energy
modulation (in air), the ratio of E,,o/E, and electron diffusion,

It
is interesting to note that in this pyb range, because of the two

latter effects, at & frequency %,73 times above cutoff (Figure 18) the

absolute minimum breakdown is almost an order of magnitude higher than
for frequencies in the prescrihed band,

Application of the breakdown curves is greatly facilitated by the

use of the additional scales, upper right hand portion of the figures,

showing the size of waveguide, For rectangular waveguide the size is

given in a WR scale which is the width of the waveguide in inches

et s R R, NN

i et b i b
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multiplied by 100, For circular waveguide WC is the diameter multi~
plied by 100 and for coaxial waveguide the WX scale is the inner
conductor diameter multiplied by 100, The scale is used by locating
the waveguide size and then following a vertical line to where it
intersects with the breakdown curves, This intersection gives the
breakdown power at one atmosphere of air. Continuing the vertical

line to the pyb axis also gives the corresponding value of (Pob) 4e

To find the breakdown power at some other pressure the new value of
pob is calculated by multiplying (pob)a by the ratio of the new pres-
sure to atmospheric pressure, all in absolute units, An identical
procedure is used for all of the breakdown curves,

One caution should be kept in mind when using the breakdown
curves, When the value of p,b 1s varied through changes in b, the
corresponding frequency of operation also varies, Thus reducing b
by a factor of 2 corresponds to increasing the frequency by a factor

of 2 and appropristely using a waveguide size reduced by a factor of 2,
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ectangular Wavequide » Standard and Tall

The characteristics of rigid rectangular waveguide operating

in the dominant TElO mode will be considered in this section, The

electric field configuration for this mode in terms of rms values
is

e 10 it AR A

E=E,  cos (n x/a (13)

where a 1s the width and b will be the height, The maximum field

intensity occurs midway between the side walls and is parallel to

the b dimension of the wavegulde and independent of distance measured

parallel to the b dimension, The relationship between the power

carried by the waveguide and the maximum rms electric field is

P=1,33x 102 ab (\rg) E 2 (watts) (14)

1f the same units of length are used in the electric field strength

and in the waveguide dimensions, the power is obtained in watts,

The guide wavelength is given by

aa/x = [1- (/] 2/

where A\, = 23 is the cutoff wavelength, A plot of Ag/\ is included
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in the Appendix I, Figure 53,

The breakdown curves on the following pages were developed from

. the differential equations given in Section I subject to the boundary

conditions that the electron density vanish st the walls, The solu-

tions,obtained by numerical integration,take into account the spatial

varliation of quantities Vys V snd D resulting from the above spatisl

a
variation in electric field strength, To apply the universal breszk-

down curve, Figure 4, an approximate value for the diffusion length

i el E A RR T Ford S LT

assuming that the above quantities are constant is

1

AB

"3,
%1%

(1%)

Values for A taking into account non-uniform field conditions are
given in Appendix II,

The waveguide temperature curves were obtained from the material
given in Section II,

The rectangular waveguide chsracteristics are given in Table IV
and in Figures 18 through 27, The breakdown characteristics are based
upon the theory and are glven with no safety factor, These values
may be used, with some restrictions as-discussed earlier and also in
Section I, as a basis for scaling to other pressures by the square of

the pressure ratlo or the relative dielectric strengths given in Table I.




s ..

-43-

Generally for pressures above one atmosphere for air the scaling is

valid,
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TABLE IV
STANDARD RECTANGULAR WAVEGUIDES; TE,, MODE

Dimensions, Recommended Frequencies and Breakdown Power

RETMA FREQUENCY INSIDE DIMENSIONS CUT-OFF CW BREAKDOWN*
DESIGNATION RANGE (kme/s) (inches) (centimeter) WAVELENGTH POWER=-760 mm Hg
WIDTH | HEIGHT | WIDTH | HE IGHT (cm) (megawatts)
f; 1y I‘l I‘a
WR2300 0.32 0.49 [23.00|11.50 [5w.42]29.21 116.8 510 727
WR1800 0.41 0.625 [18.00 | 9.00 |us.72| 22.86 91kl 313 L35
WR1150 0.64 0.96 [11.50| 5.75 [29.21]14.61 58.L2 128 180
WR770 0.96 1.45 7.70| 3.85 ]19.6 9.78 39.1 57.5 81.5
WR650 1.12 1.70 6.50| 3.25 |16.5 8.26 33.0 40.2 58.C
WR510 1.4y 2.20 5.10 | 2.55 |12.9 6.48 25.9 25.3 35.8
WRL30 1.70 2.60 L.30 | 2.15 |10.9 5.46 21.8 17.5 25.2
WR 34O 2.20 3.30 3.40( 1.70 8.64 | L.32 17.3 11.5 16.0
WR284 2.60 3.95 2.84 | 1.34 7.21 | 3.40 1.k 7.30 10.4
WR229 3.30 4,90 2.29 | 1.14 5.82| 2.91 11.6 5.30 7.30
WR187 3.95 | 5.85 1.87 | 0.872 | u4.76| =2.22 9.51 3.20 4.50
WR159 4.90 7.05 1.59| 0.795 | .04 | 2.02 8.08 2.70 3.50
WR137 5.85 8.20 1.37| o0.622 | 3.49| 1.58 6.97 1.90 2.50
WR1ll2 7.05 | 10.0 1.12| 0.497 | 2.85} 1.26 5.70 1.2k 1.64
WR90 8.20 | 12.4 0.900 0.400 | 2.29| 1.02 k.57 0.73Q 1.10
WR75 10.0 15.0 0.759 0.375 | 1.91| 0.953 3.81 0.604 0.860
WR62 12.4 18.0 0.6224 0.311 ] 1.58| 0.790 3.16 0. bir( 0.600
WR51 15.0 22.0 0.510] 0.255 | 1.30 | 0.648 2.59 0.309 0.410
WRL2 18.0 26.5 0.420} 0.170 | 1.07 | 0.432 2.13 0.160 0.240
WR 34 22.0 33.0 0.340| 0.170 | 0.866; 0.432 1.73 0.130 0.185
WR28 26.5 40,0 0.280| 0,140 | 0.711] 0.356 1.42 0.095 0.145
WR22 33.0 50.0 0.224 0.112 | 0.569 0.284 1.1 0,062 0,090
WR19 40,0 60.0 0.188] 0.094+ | 0.487 0.239 0.974 0,047 0.064
wR15 50.0 75.0 0.148{ 0.074 | 0.376] 0.188 0.752 0.029 0.042
wnic 60.0 JU.0 U.122] 0.061 0.310] 0.155 0.620 0.020 0.029
WR10 75.0 |110.0 0.100| 0.050 | 0.25%| 0.127 0.508 0.014 0.020

*These values are for atmospheric air; but they may be scaled for
gBges a5 Shown in snceraaoir H y y high dielectric strength
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Circular Waveguide = TE11 Mode

Cor e wamﬂmm _

The characteristics of rigid circular wavegulde operating in the
domingnt or TE11 mode will be econsidered in this section, The electric

field configuration for this mode in terms of the maximum value of rms

field is
23,(1,84r/r,)
Ep = Epme 29, (1.84r/xg) 1y (16)
(1,84r/1q)
Eg = Erms [?o(l.Bar/ro) . J2(1.84r/r°)] cos £ (17)

where To is the radius of the circular conductor, The electric field

has components in the radial direction, E,, and in the angular

direction, Eqs and is a function of radius and angle within the circular

cross-section, For simplicity in solving the continuity equation fox

the breakdown conditions, the angular dependence of the electric field

is removed by considering s value of electric field sveraged with

respect to angle, With this simplification the magnitude of the elec-

tric field at a given radius is expressed by

E 23,(1,84r/r.) |2
E = _Ims 1 /%o + Jo(1.84r/ro)-J,(1.84r/ro) ali/a (18)
1,41 1,84r/r, '

The relationship between the power carried by the waveguide and the maxi-

mum rms electric fleld is

—




=26

P= 3,98 x 1073(xg)® (Mhg) (Eppmg)® (19)

The guide wavelength is detexmined from Eq, 14 where the cutoff
wavelength for this mode is A, equal to 3,41 Ty
The conditions of breakdown were determined from a numerical

solution of the continuity equation, Equation 1, subject to the

boundary condition that the electron density vanish slong the inside
walls of the circular guide, The coefficients vi, Va’ and D are

functions of ::dius because of the radial variation of the electric

RN SRR TR RCES YR E . 11 a1l &%

field as determined by Equation 18, An approximate value for the

diffusion length assuming that the coefficients are constant is

A = 1/2,405, (20)

More exact values for A are found in Appendix III,

Wavegulde temperature curves are not given for this mode since
the values are close to thoge for the TElglnode.

The dimensions, recommended frequencies and breakdown power at
one atmosphere of alr are given in Table V. These values may be used,
with some restrictions as discussed in Section I, as a basis for
scaling to other pressures by the square of the pressure ratio or
the relative dielectriclstrength for gases given in Table I. Generally
for pressures above one atmosphere for air the scaling is valid,

Additional information is given in Figures 28 and 29,
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TABLE V

STANDARD CIRCULAR WAVEGUIDES, TE{H MODE

Dimensions, Recommended Frequencies and Breakdown Power

g
f
g
:

INSIDE INSIDE CyYT-OFF CW BREAKDOWN §
RETMA FREQUENCY RANGE | DIAMETER | RADIUS WAVELENGTH | POWER-760 mm Hg ||
DESIGNATION (kmc/sec) (inches) (cm) (cm) (megawatts) :
f [y f f
1 2 1 a2
WC-72k4 1.10 1.51 7.24% 9.19 31.4 63 98
WC~-329 2.42 3.31 3.30 4,18 14.3 13 20
WC-9k4 8.49 11.6 0.938 1.19 4,06 1.1 1.78
WC-59 3.4 18.4 0.594 0.754% 2.57 0.46 0.75
WC-38 P1.2 29.1 0.375 0.476 1.62 0.19 0.33
wC-28 8.3 38.8 0.281 0.356 1.21 0.11 0.19
WC-14 56 .6 77.5 0.141 0.179 0.610 0.033 | 0.053
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TABLE V
STANDARLD CIRCULAR WAVEGUIDES, TE{& MODE

Dimensions, Recommended Frequencies and Breakdown Power

INSIDE INSIDE CIT-OFF CW BREAKDOWN |
RETMA FREQUENCY RANGE DIAMETER RADIUS WAVELENGTH | POWER-760 mm Hg |
DESIGNATION (kme/sec) (inches) (cm) (cm) (megawatts)
f iy i £
1 2 1 2
WC =724 1.10 1.51 7.24 9.19 31.4 63 98
WC-329 2.42 3.31 3.30 4,18 4.3 13 20
WC-94% 8.49 11.6 0.938 1.19 L.,06 1.1 1.78
WC-59 134 18.% 0,594 0.754 2.57 0.46 0.75
wc-38 1.2 29.1 0.375 0.476 1.62 0.19 0.33
wCc-28 8.3 38.8 0.281 0.356 1.21 0.11 0.19
WC-14 56.6 775 0,141 0.179 0.610 0.033 0.053
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Circular Waveguide ~ TEO1 Mode
The characteristics for rigid circular waveguide operating in
i The TEO1 mode are considered in this section, The electric field

configuration for this mode in terms of the maximum rms field is

E= (Ep,,/.982)J,(3.83r/x,) (21)

The electric field is directed perpendicular to the radial direction,

has a null at the center of the waveguide and at the walls and the

et LR ORI €50 1A T

maximum field intensity occurs at s value of radius equsl to 0,48
times the conductor radius, The relation between the power carried

by the wavegulde and the maximum rms electric field is
P =398 x 10°(x)? (Wig) (Eppg)? (22)

The guide wavelength is determined from Equation 14 or Figure B2
the cutoff wavelength for this mode, A,, 1is equal to 1,64r,,

The conditions of breakdown are determined from a numerical
solution of the continuity equation, Equation 1, subject to the
boundary condition that the electron density vanish at the walls,
The coefficient Vis Vg and D sre functions of radial distance
because of the radiel variation of Eppmg. An approximate vslue for

the diffusion length sssuming that the coefficients are constant

is




|
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b= 1,/2,405, (23)

St P e 4 fﬂwmm& [

The waveguide temperature curves were obtazined from the material

given in Section II,

The dimension, recommended frequencies and breakdown power at

one atmosphere are given in Table VI, The breakdown power may be

scaled from the tabulated values, the limitations for lower pressures

are discussed in Section I, by multiplying by the square of the pres-

sure ratio or the factors given in Table I for high dielectric strength

gases, Additional information is given in Figures 30 through 33,
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TABLE VI

STANDARD CIRCULAR WAVEGUIDES, TEé& MODE

Dimensions, Recommended Frequencies and Breakdown Power

INSIDE INSIDE CUT-OFF CW BREAKDOWN
RIST MA FREQUENCY RANGE DIAMETER RADIUS WAVELENGTH | POWER-760 mm Hg
DESIGNAT ION (kme/sec) (inches) (cm) (cm) (megawatts)
¢ r T f
1 2 1 3
WC~-1590 1.10 1.57 15.9 20.2 33.2 34y 489
WC="/h 2.41 3.31 /20 9.19 15.1 1.2 101
WC=-2140 /.25 9.98 2.40 3.055 5.01 8.10 12.0
WC-128 13.6 18.7 1.28 1.63 2.67 2.45 3.16
WC-9k4 18.6 25.6 0.938 1.19 1.95 1.35% 2.1
WC-59 29.3 LO.L 0.59% 0,754 1.235 0.59 0.89
WC-33 53.1 73,1 0.328 0.416 0.682 0.2 0-29

i F RSN 65 SR B NS A ETEIL KRN
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Circular Waveguide =~ TMOI Mode

The characteristics of rigid circular waveguide operating in

the TMo mode are considered in this section, The electric field com

1
figurstion for this mode in terms of the maximum rms field is

2]
]

2 = Ermg Jo(2.4081/15) (24)
Ey = Epmg (Ae/Ag)Jy(2.405r/x,) (25)

The electric field has components along the axis of the waveguide,

E,y and in the radial direction, Exe

For normal TMO1 mode operation
the value of ro/x is less than 0,76, so the electric field which con-
trols breakdown is the Z component directed along the wavequide axls,
i.e., the maximum field intensity occurs in the center of the guide,
The relation between the power carried by the waveguide and the

maximum rms electric fleld is

P =154 x 103 (M)g) (r,/A%) (E (26)

2
rms)

The guide wavelength is determined from Equation 14 or Figure 53

where the cutoff wavelength for this mode is kc equal to 2,6lr,.
The conditions of breakdown are determined from a numerical

solution of the continuity equation, Equation 1, subject to the

beundary condition thst the electron density vanish at the walls

susticeni Ll v i bkt i

A
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of the circular guide, The values of the coefficient Viy vy and

D are functions of radlal distance because of the radial varistion

of E, An aspproximate value for diffusion length assuming that the

coefficients are constant is
A= ro/2.405 (27)

The waveguide dimensions, cutoff wavelength, and the cw power
rating in alr at atmospheric pressure are included in Table VII for

common waveguide sizes, Additional information is given in Figures 34

Wb b s mbeintsit TR AT AT A A T A BT NN I

and 35, Wavegulde temperature was not computed for this mode because

IR

it is not commonly used for long waveguide runs,

(5
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TABLE VII

STANDARD CIRCULAR WAVEGUIDES, TMSH MODE

Dimensions, R-commended Frequencies and Breakdown Power

SRR PN O ppTO vy

BAND FREQUENCY INSIDE INSIDE CUT-OFF CW BREAKDOWN
DESIGNAT ION (mc/sec) DIAMETER RADIUS WAVELENGTH | POWER-760 mm Hg
(inches) (cm) (cm) (Megawatts)
X 9,375 1.165 1.48 3.87 1.63
Ku 16,000 0.683 0.867 2.26 0.58
K 24,000 0.455 0.578 1.51 0.28
Ka 35,000 0.312 0.396 1.03 0.1%
4 mm 70,000 0.156 0,198 0.517 0.038
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i Coaxial Waveguides

The characteristics of rigid coaxial waveguide operating in
= the dominant or TEM mode will be considered in this section, The
- electric field configuration for this mode in terms of the rms field

g is
E= Eppelry/r) (28)

The maximum field intensity occurs at the inner conductor radius,

Tyy and is represented by E .. The relation between the power

carried by the waveguide and the maximum rms electric fleld is
P= (ry)? In(ry/r,) (Eppg)?/30 (29)

The calculations of breakdown power are for coaxial systems having
an impedance of 50 ohms, This corresponds to a ratio of outer
conductor to inner conductor, r,/r,, of 2.3,

The conditions of breaskdown are determined from a solution of

the continuity equation, Equation 1 in cylindricsl coordinates,
subject to the boundary conditlons that the electron density vanish
at the walls, The coefficients Vis Y, and D are functions of radius
since the electric field varies according to Equation 28,

The operating temperature of the coaxlal waveguide has not been
given because for long wavegulide runs the critical parts of the wave-

guide are the thermal characterlistics of the insulators and connectors.




Reference should therefore be made to manufacturer catalogues for

et e

average power limitations,

The dimensions, recommended frequencies and breakdown power

are given in Table VIII and additional information in Figures 36
and 37.




TABLE VIII
STANDARD COAXIAL WAVEGUIDES, TEM MODE

Dimensions, Recommended Frequencies and Breakdown Power

PR RN R R aTAR. 4. & o s A oo QL sy I SR Bl ity L it s ]

OUTER INNER CW BREAKDOWN
WAVEGUIDE | FREQUENCY RANGE | IMPEDANCE| CONDUCTOR | CONDUCTOR | POWER-760 mm Hg
TYPE (me/s) (onms) DIAMETER RADIUS (megawatts)

iy f (inches) (cm) at

1 2 2
RG152/1 0.5 650 50 6.13 3.30 110 7
RG154/U | 0.5 1,300 50 3.13 1.67 29 :
RG153/U | .9 2,700 50 1.61 0.843 /.35 b
RG155/U 0.9 3,300 50 0.875 0.432 2.10
RG151/U 0.5 10,000 5C 0.375% 0.159 0.350

ciba b 48
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Iv, HIGHLY LOCALIZED BREAKDOWN, NON-UNIFORM COMNDITIONS

Highly localized breakdown, generally assoclated with non-uniform
conditions, becomes an increasing important factor at high power levels,
Degradstion of a wavegulde system due to their presence may not become
important until the system has been highly pressurized to handle high

power levels, At lower power levels pressurization gives the expected

improvement, Two non-uniform conditions are distortion of the applied
electric fleld and distortion of the ambient gas density, due to
localized heating. In each case the value of E/po becomes greater in
the localized region and in accordance with Figure 2 the rate of ion-
ization is increased,

A detailed examination of the breakdown theory shows that the
electron continuity equation, Equation 1, remains valid for non-
uniformities in electric fields but for non-uniformities in gas density

it is no longer valid*®, The correct, more general equation for cw

breakdown is

\)
net

y + ev® 4+ (Ve) (V)= 0 (30)
D

where ¢ is the inverse of the relative gas density and
v = Dn/¢ (31)

is the normalized electron density, The other quantities were
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introduced in Section I, The equation reduces to the more familiar

one for ¢ a constant, In solving the above equstion the usual boundary

conditions, that n vanish at the walls, also applies to ¢,

The electric field strength is increassed locally by the presence

of small metal objects or distortions of the waveguide walls,

Examples
for regular geometrical shapes are listed below!
Maximum increase in field

Non=uniformity strength

hemisphere on a surface 3

sphere in space 3

sphere on surface 4,2

cylinder perpendicular to E field 2

hemicylinder 2

For the case of rounded corners and selected contours to minimize

field enhancément, incressed flelds ranging to a maximum value of 3

are discussed by S, Cohn'®, For smoothly-varying bumpy surfaces the

maximum field is increased by only a factor of 1,28,*°
The above values of electric field enhancement are useful for
estimating the reduction in peak power capability in componentss how-

ever, it 1is the small inadvertent irregularity which is most trouble-

some, This type of irregularity may escape visusl inspection and not

lead to failure at modest values of pressurization, This is because

the region is so small that rapid electron diffusion prevents break-

down, As the power level is increased, requiring additional pressuri-

zation, then the localized discharge beccmes possible, An example
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which was worked out theoretically for hemispheres’® ¢in be used to
compute the conditions for the transition from s volume to local break-
down, This transition is accompanied by a3 marked deviation in the
linear relationship between breakdown power of the system and the square
of pressure, Transition values of pressure for air as a function of
radius are shown in Figure 38, As another example, small gaps at 3
waveguide joint due to warping or poor machining may develop field
strengths exceeding those in the waveguide, Reference to Figure 4
makes it apparent that the maximum sllowable gap should be given ap-
proximately by pd/m < 1 (mm Hg-cm).

The other form of non-uniformity arises from temperature gradients
in the gas and thus in the gas density. The gradients arise as a re-
sult of particles or surfaces becoming heated. For very small heated
regions even though the rate of ionization may become large the small
size of the region allows the electrons to be lost rapidly by dif-
fusion with the result that breakdown may become inhibited, An example
of the temperature of a hot particle in 3 waveguide with only a modest
loss tangent is shown in Figure 39, This was calculated assuming that
radiation cooling predominates®®,

To show the effect of gradients in gas density the solution to one
dimensional problem, using Equation 30, for breakdown at a hot surface
is shown in Figure 40.10 The solution is given in terms of the value
of,Ee/po evaluated in the bulk of the gas remote from the hot surface
and p,iL the normalized thickness of the layer of heated gas at the hot

surface, For larae film thickness the value of E./p, for breakdown
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FIGURE 38

TRANSITION PRESSURE FOR HEMISPHERICAL DISCONTINUITY
IN AN AIR FILLED WAVEGUIDE
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decreases to the value given by the temperature ratio, 1If the
normaiized film thickness is small enough, poL about 10 or smaller
the breakdown threshold is reduced only slightly by the presence of
the hot surface,

There are several experimental verifications of locslized break-
down to support the above discussion., The transition from a highly
localized breakdown to & main volume breakdown is clearly shown by
the measurements in Figure 41 for a small hemisphere!®, The dashed
lines represent the theoretical limits for the breakdown curve,

Another cause for transitions is demonstrated by the set of break-

down measurements shown in Figure 42 for a number of different gases!®,
The departure of the curves from the linearity was found to be indica-
tive of arcing at a joint in the test cavity, The interesting observ~
ation 1s that the breaks in the curves fell at about the same values

of relative field strengths, This suggests a pressure independent
effecty most likely it 1s due to excessive hcating at the poor contact
which causes breaskdown when a critical power level is reached. The
same effect accounts for the upper limits of poA plotted in the break-
down curves for varlious gases in Figure 7, These upper limits terminate
approximately on a curve of constant power, A final example of locale~
ized breakdown is shown in Figure 43 for a emall heated wire!®, 1In
this experiment the temperature of a 5 mil wire in a resonant cavity
was varied in the presence of a flow of gas, The gass flow was used to
vary the thickness of the film of heated gas at the wire, The value of

flow rate F= 15 corresponds to 1240 centimeters per second. The

6. i
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surprising result is that the breakdown threshold did not begin to
drop until temperatures approaching 700°C were reached, At this
temperature the breakdown threshold would be lowered by more than

an order of magnitude under uniform conditions (see Seetion I1), The

eventual increase of the threshold due to the large gas flow and the

eventual dropping off with temperature are examples of the importance
of film thicknese in controlling breakdown,

Although enhanced values of E/p generally occur at small discon-
tinuities or localized heated regions, the effect on the breakdown
threshold frequently does not appear until high pressures are reached
where the electron diffusion rate has been sufficiently reduced, This
points out that some care must be exercised in attempting to predict
system failure from measurements made at lower power levels, The
examples given in this section suggest important factors limiting the

realization of the full power caspability of wavegulde systems,
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V., DESIGN CONSIDERATION FOR
HIGH POWER WAVEGUIDE SYSTEMS

Frequently discrepancies are found between the rated power
handling capablilities of components and the power levels at which
the assembled system fails, Although the location of the point of
fallure in an operating system is difficult to find, experience in-
dicates that it 1s generally inadvertent factors beyond the component
designers confrol which are troublesome, In this section "good

practice" for high power compohents will be discussed and then some

o iR ot SRR S il s BN

of the inadvertent factors will be mentioned,*

The choice of a waveguide size and mode of operation has become
more important as power levels have increased, In Section III detail-
ed information was glven regarding peak power and average power capa~
bllities, 1In summarizing the information it is apparent that the
breakdown power, in the high pressure range for a specific gas, is
nominally préportional to the cross sectional area of the waveguide,
The gas and its pressure determine the fleld strength at breakdown
and the frequency is unimportant as long as it is not taken to be
too close to cutoff, On the other hand, if a particular waveguide
mode is chosen and an operating frequency range in terms of the ratio
Area/A® is glven, then the breakdown power is proportional to A%, A

comparison of breakdown power for various modes at mid-band frequency

is given in Table IX below:

*A discussion of this subject can also be found in Reference 18,
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JABLE IX

Comparison of Breakdown Power for Various Modes
Wavegquide Mode Breakdown Power
TEq, rectangular 1,03 x 103 A B
Coaxial = 50 0 2,10 x 1073 A E3 .
TE,, circular 1,20 x 1073 A E2__
TEg circular 0.92 x 1073 A E3,
TMy, circulsr 2,05 x 103 A B2
Plane Wave 2,66 x 10.3 A Ezms

The quantity A is the cross sectional area (cm®) of the waveguide and
Eyms (VOlts/cm) is the breakdown field strength, The coefficient for
the plane wave is largest indicating that in principle it can carry
the greatest power per unit area. This follows because the power den-
sity is uniform throughout the cross section, A comparison can also
be made to those modes of propagation which are possible on single
wires and similar unbounded lines but not to the same degree of gen-
erality. At 100 Gc for a single wire line of 1 cm radius the bresk-

down power in terms of breakdown field strength is

- -2 =2
P=3,3x10 Erms

where 90% of the power is contained within a radius of 19 em,® It
an enclosed rectangular waveguide of the same cross sectional aresa

were used,then the breakdown power for the same maximum field strength

would be




=90.

- 2
P=1,2 B3

Thus, because the fields in the open wire line are concentrated at
the single conductor, a rectangular waveguide of equivalent area can
carry power levels almost two orders of magnitude greater,

The attenuation for various modes can be separated into the
product of two factors: one geometric, including ratios of dimensions
to wavelength, and one 1nc1ud1ng the frequency to the 3/2 power and a
coefficient depending upon the ;efaI; The geometric factors for modes
in rectangular and circular waveguide weretabulated in Table IIIl and
the expressions for resistivity of common metals were tabulated in
Table II, For illustrative purposes Figure 44 contains the relative
attenuation of several rectangular modes in square wavegulide as a
function of the ratio of size to wavelength, The low loss circular
mode is plotted to show its superiority for large diameters, The case
where just the height is increased is included to point out that no
further significant decresse in sttenuation occurs for values of b/A
greater than 2, Figure 45 contains the relative attenuation for cir-
cular waveguide modes,

In general the power handling capacity of a waveguide can be
talsed by increasing the cross sectional area., The final decision
is an engineering compromise including such factors as cost, size,
cooling techniques, pressurization, mode suppression and difficulty

in realizing the required components,
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There are a number of useful measures for obtaining acceptable
high power performance, Pressurization with air or the high dielectric
strength gases discussed in Section I can increase the peak power level
by factors of 10 to 100, The power remalns proportional to the square

of pressure until other factors such as arcing joints or minor im-

perfections in the waveguide take over as the power levels are increased

(see Section IV), The disadvantages of the high dielectric strength
gases are the formation of corrosive and toxic products after a failure
has occurred., In addition after srcing the Freon gases leave a carbon
deposit while SFy leaves a deposit which does not appear to be as
troublesome. Since the undesirable effects are a function of the power
level and the duration of the arc, they can be minimized by a rapid
turn-off of the transmitter at the onset of a fallure and incidently
reduce damage to the system from other causes, As an alternative
evacuation can increase the power handling capability well beyond what
can be achleved with pressurization when the pressure is reduced to
the range of 1074 to 10°° mm Hg, One important advantage in the
resence of rf fields is that even if there is a tendency for arcing
there is normally not enough gas to lead to a destructive breakdown,
On the other hand, since the electron mean free path is now long com~
pared to the dimensions of the waveguide, multipactor dischsrges are
likely to occur as well as electrons accelerated to high energiles,
This leads to serious problems with vacuum window failures, An evacu-
ated system also requires much greater care and leaks which are negli-

gible in high pressure systems become intolerable in evacuated systems,

NP RN th’. Y _‘_"_j"
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{
Multipactor discharges occur for gap voltages in the range from 100 to

"
i

perhaps 10,000, High field emission of electrons might begin at field

B strengths as low as 10% volts/em,
Wavequide joints are generally required in systems and represent
one of the most serious sources of failure problems, If line currents
flow across small gaps introduced by poor tolerances, warping, etc, of

flanges, then field strengths in excess of that in the main line can

occur at the gap, If the line currents are forced to flow across

ubuﬁﬂﬂ’nnnwlhﬁmmlilﬂmﬁﬂlibﬂhlﬂlﬂiﬂ““'nﬂw i

resistive layers at joints, then localized heating can occur, Both of
these effects lower the breakdown threshold of the entire system, A
very approximate rule for gaps at flanges is that the tolerances should
be such that the largest permissible value of gap distance, d, should ’
be given by pd/m ~ 1 (mm Hg-cm), This condition emphasizes that as

greater pressurization is used for higher power levels the tolersnces

for the flange faces must also be reduced, The resistance of thin

coating on the flanges used to inhibit corrosion must be carefully

evaluateds this is particularly true as pulse lengths and average

power are increased, The restrictions on narrow gaps and lossy inter

faces also apply more generallys for example, to ferrites cemented

to waveguide walls,

Several obvious measures for insuring high power operation include

minimizing electric field enhancement, This is done by avoiding high

Q structures and large standing waves, by rounding all corners and

maintaining smooth, sc¢ratch free surfaces. In addition the system

should be free of foreign material such as metal particles or bits of
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lossy material which can either increase fields to the breakdown
point or heat excessively with breakdown following (see Section 1V),
Other sources of fallures are resomances associated with harmonics,
spurious radiation and spurious modes of propsgation., These resonances
under the worst conditions can result in field strengths exceeding that
of the main mode and absorption of as much as 50% of the line power
in the resonant section, Resonance can occur in long sections of line
or locally at choke joints, windows or ferrite phase shift sections.
If spurious radiation or harmonics are present, filters should be used
to remove them at the source, If spurious modes sre present their ef-
fects can be reduced by careful design and by inserting mode filters
or absorbers,
Heat removal 1s another important problem at high power levels.
In Section IIl heat removal only by natursl means was considered. It
should be pcinted out that black external surfaces contribute heat
removal by radiation comparable to that by natural convection, Where
convection cooling is absent, as at high altitudes, radiation cooling
remains as ﬁhe only natural means for heat removal., Liquid cooling is
the most effective form and it is limited only by the expense and in-
convenience of providing the required flow rate. Internal flow of
gas, i.e,, using the gas inside the waveguide as a coolant, is not as
effective, When flow velocities resching 230 or 40 miles per hour are
used only limited length of waveguide (2-10 feet) can be cooled because
nf the low therms! capacity of gaseslo. In practice gas input and output

ports would have to be distributed along the waveguide system,
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Arc movements or transfer in a waveguide system can be a serious
problem if the arc reaches a vulnerable component., In CW or high
duty cycle systems where the power level is well below the breakdown
threshold an arc travels towards the generator, At X-band, Figure 46,
speeds of the order of 20 feet per second are found in air at atmos-
10

pheric pressure Increasing the pressure or introducing high di-

electric strength gases reduces the speed while increasing the power
increases the speed, A useful fact is that the arc moves with a

velocity relative to that of the gas and so it becomes possible to

gg§1°. In low duty cycle systems where the peak power levels are near

the breakdown threshold, an arc can transfer rapidly to a point near
the source merely because of the increased fleld strength due to the
resultant standing wave, In both high and low duty cycle operation st

high power levels a locslized arc may not move at all but nevertheless

cause damage, An arc occurring at a poor joint may not seriously reduce

the transmitted power, but would still be destructive, For adequate
protection of a systemymeans for detecting and rapidly turning off the
transmitter for both types of arcs are required, Arc detectors have
been developed using sensors for light, sound and transmitted power
level changes,

Waveguide components designed with the above principles should
result in peak power capabilities within a factor of 2 or 3 of the
associated waveguide and certasinly within s factor of 10, Below

are tabulated some peak power capabllities of high power components
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) relative to a straight section of waveguide,

TABLE X

L9

Relative Peak Power Capabilities
of High Power Components

Component

H plane bend*

E plane bend*

H plane tee*

90° twist*

Magic tee*

E plane tee*

Cross guide coupler*
Rotary Joints*TMg,

-Coax

Twistg**

Folded Hybrid**
Symetric arm
Asymetric arm

Short slot 3 db**

Hybrid

*The X~-Band measurements were taken from Reference 17 where 5 1.2

Relative
Capability

06' 99

.63

.37

microsecond pulse length was used,

##Straight-section achieved only 50% of theoretical power where 12

microsecond pulse length was used,

Frequency
Evaluated

X=Band

Pressure
Range

air, 15 psi

air, 15 psi

e e e sl A G .20 S WA AR A

air, 15 psi
air, 15 psi
alr, 15 psi
air, 15 psi
air, 15.psi
air, 1% psi
air, 15 psi

air, 1535 psi

air, 1535 psi
air, 15-35 psi

air, 1535 psi
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Numerical Examples and Non-Standard Conditions
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APPENDIX 1

Vs

General breakdown curves for alr filled waveguides are included
In this section to allow direct solution of non-standard cases, These
are curves of (Ee/Po)n versus p,T where pyb or por are parameters,
Figures 47 through 52 include rectangular, coaxial and circular wave-

guide modes, These curves represent solutions of the breakdown equ-

ation (Equation 1) wnich have taken into account the non-uniformities
in the electric field for each mode,

Examples of the procedure to follow in computing the breakdown
power for a given set of conditions will be presented by outlining
several solutlons in detail,

Problem l: Compare the single pulse breakdown power of WR-112 and
WR-90 waveguides at 40 mm Hg using a rectangular power pulse of 1/2

microsecond pulse width and a frequency of 9000 megacycles/sec at 20°C,

W11z WR-90
a) Using Table IV compute the following  (ab) 3,59 2,33
quantities (M2e) 0,584 0,728

X 50,5 40,8
pOX 133 133
PoT 2x107° 2x107°

b) From Figure 53 determine (X/Xg) 0,810 0, 682

¢) From Figure 47 determine (E¢/Pg)n 51 51

d) From Figure 3 determine A 0.5 0.5

and using Eq, 3 Ee/Py 50,5 50,5




1.2

e) Multiply by P, to obtain Eg 2020 2020 ]
f) From Figure 1 determine and Eme/ Ee 1,03 1,03 %

- compute ) ;
g) From Eq, 14 compute P 16,7 kw 9,2 kw

For the conditions of the problem the breakdown power of WR-112 is

16,7 kilowatts and the breakdown power of WR-90 is 9,2 kilowatts.

Problem 2: Compare the cw bréakdown power of WR-187 for both full

o owe e et bR R S M A b

height and 1/8 height waveguide at 5000 megacycles/sec, The pressure

is 20 mm Hg at 100°C,

Full Height 1/8 Height

a) HNormalize the pressure according Po 15,7 15,7
to Eq, 8 to 20°C
b) Using Table IV compute the (ab) 10,5 5,25
following quantities (A/2¢) 0,632 0,632
p,b 34,8 4,35
P 95 95
¢) From Figure 53 determine (X/Xg) 0,773 0,773
d) From Figure 48 determine(p,r—a) (E¢/po)n 33
From Figure 49 determine(p,7—~e) - 44
@) From Figure 3 determine A 0,3 0.3
and using Eq, 3 Ee/po 32,7 43,7
f) Multiply by P, to nbtain Ee 514 686
g) From Figure 1 determine Erms/Ee 1,07 1,07
and compute Erms ' 550 735




-3
Full Height 1/8 Height
h) From Eq, 14 compute P 3,24 kw 0,72 kw

For the conditions of the problem the breskdown power for full height

guide is 3,25 kilowatts and for 1/8 height guide, 0,72 kilowatts,
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APPENDIX II

Diffusion Lengths
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APPENDIX 11

The diffusion length is a length parameter which ls indicative
of the size of the breakdown region and consequently of the rate of
electron loss during breskdown, As discussed in Section I the {on-

ization grows exponentially as the factor
exp Lv ~D/A® ] t,

where A 1s the diffusion length, Decreasing values of A lead to de-
creasing growth rates., In a volume which contsins uniform fields the
diffusion length depends only upon the dimensions of the volume, For
any specific case where the flelds vary the diffusion length is 3
function of geometry as well as the maximum value of (E/p)n because
the maximum value determines the size of the reglon in which ionization
is taking place, Breakdown solutions for alr filled wavegulde yield
the curves shown in Figures 54 and 55 for relative diffusion lengths
in rectangulsr and circular waveguide, The quantity Ao is the dif-
fusion length corresponding to uniform fieldss but, it corresponds to
a non-physical situation since a region bounded by conducting wslls
cannot sustain a uniform fileld configuration. The diffusion lengih
is seen to be small near the threshold for ionization, 31,% volts/en
mm Hg, as expected, because of the relatively small size of the region
of lonization,

The significance of thece curves is that, under non-uniform field

conditions, the rate of build up is considerably reduced near the
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ionization threshold where only & small portion of the region

experiences ionization, The curves also suggest the rule that A

=
E
E
1
et

4
K
3

o

may be approximated by a value equai to one third the smallest di-

mension of the region in which lonization is dominant,
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